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We present a three-dimensional steerable optical tweezer system based on two pairs of
acousto-optic deflectors. Radio frequency signals used to steer the optical tweezers are gen-
erated by direct digital synthesis and multiple time averaged cross beam dipole traps can be
produced through rapid frequency toggling. We produce arrays of ultracold atomic clouds
in both horizontal and vertical planes and use this as to demonstrate the three-dimensional
nature of this optical tweezer system.
I. INTRODUCTION
Optical trapping has been a valuable tool in the field of
ultracold atoms since the first demonstration by Chu et
al.1. In particular, optical potentials are widely used
due to being largely state insensitive2 which leaves quan-
tum spin as a degree of freedom3 and allows the use
of external magnetic fields for tuning atom-atom in-
teractions via Feshbach resonances4–6. The introduc-
tion of the cross beam dipole trap, which provides tight
confinement in three dimensions7, has enabled a num-
ber of advances such as all optical production of Bose-
Einstein condensates (BECs)8; notably, condensation of
cesium is not possible in a magnetic trap due to un-
favorable scattering lengths9. Since then, the genera-
tion of arbitrary and time dependent optical potentials
has been demonstrated10. Such potentials are desir-
able for use in the fields of atomtronics11,12, atom inter-
ferometry13, and atom based quantum simulation14–16
and magnetic field gradiometry17. To this end, a va-
riety of techniques for engineering dynamically config-
urable optical potential have been employed including
the use of liquid-crystal spatial light modulators18–22,
digital-micromirror devices23–25, rapidly toggled10,26–28
and multi-toned acousto-optic deflectors (AODs)29–33,
and cavity modes of optical resonators34.
In this article, we present a configuration of four AODs,
arranged in two orthogonal pairs, with the fundamen-
tal diffraction orders of each pair forming a cross beam
dipole trap7. This layout, paired with rapid toggling
of the AOD driving frequencies10,26,27, allows the si-
multaneous steering of multiple dipole traps in three-
dimensional space. We show that such a configuration
can be used to create a variety of non-trivial poten-
tials in one-, two-, and three-dimensions. Specifically,
we demonstrate 2 × 2 arrays of atomic clouds on both
horizontal and vertical planes. Potential future avenues
for our three-dimensional tweezer system include vortex
formation and superfluid flow by merging of independent
BECs35,36, study of vortex lattice decay to quantum tur-
bulence through collisions of multiple BECs in nonlinear
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geometries37, and quantum optics with Rydberg states
of atoms38–41.
II. DESIGN
To construct our optical tweezer system, we used two
pairs of orthogonal AODs (AAoptoelectronic, DTSXY-
400). Each pair is aligned for +1 order Bragg diffrac-
tion on both AODs42 and operated with nominal center
acoustic frequencies of 75 MHz. Light sourced from a
1064 nm, 50 W single frequency fiber laser (IPG Photon-
ics, YLR-50-1064-LP-SF) is delivered to the AODs using
photonic crystal fibers (PCFs)43. The Radio frequency
signals driving the AODs are generated by direct digital
synthesis (DDS) using a commercially available device
(Wieserlabs, FlexDDS-NG Rack).
Figure 1 shows a simplified arrangement of our opti-
cal tweezer system. The pairs of AODs are arranged such
that, at the nominal center driving frequency, the doubly
diffracted beam from one pair (P1) propagates along the
y-axis and can be steered in the xz-plane by dynamically
altering the driving frequency in either one or both of
AODs in the pair. Similarly, the doubly diffracted beam
from the second pair (P2) propagates along the z-axis
and can be steered in the xy-plane. The nominal spot
size radius at beam waist for the doubly diffracted beam
from boths pairs of AODs is 40 µm. The vertical axis
is aligned to the direction of acceleration due to grav-
ity and is labeled as the y-axis. Multiple time averaged
beams can be produced by repeatedly changing the AOD
driving frequencies10,26,27. The toggled beams are made
to be parallel to each other using lenses placed approxi-
mately one focal length in front of the AODs. In Fig. 1 an
example of four cross beam dipole traps in a tetrahedral
arrangement is shown.
Up to 7.6±0.5 W of light can be delivered to the AODs
via each of the PCFs. The diffraction efficiency at the
center frequencies of both pairs of AODs was measured to
be ∼ 73 % with a full width at half maximum bandwidth
greater than 25 MHz for all four AODs. The frequency
change to displacement calibrations for P1 and P2 are
211±2 µm·MHz−1 and −397±3 µm·MHz−1 respectively.
The difference in scaling is attributed to the difference
in focal lengths of the lenses used to correct propagation
directions. The accessible volume for the optical tweezers
exceeds 6 mm × 6 mm × 6 mm, which is comparable to
the volume defined by the Rayleigh range of the tweezer
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2FIG. 1. Simplified arrangement of two pairs (P1 and P1)
of orthogonal AODs used to implement a three-dimensional
optical tweezer system. Beams from AOD pair P1 propagate
vertically (blue lines) and beams from AOD P2 propagate
horizontally (red lines). Purple ellipses represent an example
of a 3D configuration of atomic clouds established by four
cross beam dipole traps at the vertices of a tetrahedron. The
thick black lines joining the tetrahedrally arranged atomic
clouds are to assist with three-dimensional.
beams.
Figure 2 shows a schematic of the optical power de-
livery system and rf control. Fixed frequency acousto-
optic modulators (AOMs) driven by amplified voltage
controlled oscillators (VCOs) are used to rapidly switch
and regulate the optical power incident on the AODs.
The AOMs are aligned to the +1 order Bragg diffrac-
tion and the −1 order Bragg diffraction for P1 and P2,
respectively, which prevents static interference between
vertical and horizontal beams by ensuring frequency dif-
ferences in excess of 160 MHz, which are much faster
than any dynamics we consider. In addition, the polar-
izations for the vertical and horizontal beams are chosen
to be orthogonal. The optical power delivered to each
AOD pair of is regulated independently by measuring a
fraction of the output power44 transmitted by the PCFs
and dynamically adjusting the amplitudes of the AOM rf
drives. If we use only the AOMs to switch on and off trap-
ping light, they will spend only a small fraction of time
(. 1%) in the on-state. During the on-time, the rf drive
heats up the AOM crystals and causes the pointing of
the diffracted beams to drift, compromising the coupling
of light into the PCFs. In addition, exposing the AOM
crystals to high optical power for long periods of time
can lead to thermal lensing45 and a consequent degrada-
tion of the beam mode and fiber coupling efficiency. To
mitigate these issues, we use a motorized flipper mirror46
to divert the laser beam into a beam dump and keep the
AOMs in the on-state during all preparatory stages of the
experimental cycle. In this fashion, the AOMs are fed rf
power more than 98% of the time so that the crystal
can reach an equilibrium temperature while only being
exposed to optical power . 2% of the time47.
The FlexDDS unit generating the AOD rf drives can
store more than 108 instructions in RAM distributed be-
tween 2 to 12 channels, depending on the configuration.
A single instruction can set the phase, amplitude and
frequency of a single channel. Typically one time step
for optical tweezers consisting of two AODs requires four
instructions, including wait-for-trigger commands. Each
channel can be addressed individually and has a sample
rate of 1 GS · s−1 with a frequency range from 0.3 Hz
to 400 MHz. The FlexDDS enables control of the acous-
tic power inside the AODs via amplitude tuning words,
which allows dynamic balancing of power between tog-
gled beams. DDS instructions are loaded into RAM on
the FlexDDS via TCP/IP and subsequently written to
DDS chips via serial peripheral interface (SPI) by a digi-
tal command processor (DCP). The timing for the execu-
tion of FlexDDS instructions is controlled using external
triggers from a field programmable gate array (FPGA).
Instructions can be triggered at rates in excess of 250 kHz
which are limited by the SPI write time of the FlexDDS
and the access time of the AODs27. Additionally, indi-
vidual time delays of up to 134 ms with 8 ns resolution
can be specified for each output channel (the master clock
is locked to a GPS-disciplined 10 MHz quartz oscillator
reference). These time delays are used to account for fi-
nite propagation time of the acoustic waves when the fre-
quencies are toggled, which result in “ghost” traps when
toggling two or more acousto-optic devices in series.
In our experiment, ultracold 87Rb atoms in the
52S1/2|F = 2,mF = 2〉 ground state are loaded into a
cross beam dipole trap from a Ioffe-Pritchard (IP) trap.
The initial dipole trap typically consists of one static
horizontal beam (propagating along the z-axis of the IP
trap) and two rapidly toggled vertical beams separated
by 60 µm48. Atomic clouds can be evaporatively cooled
to quantum degeneracy by controlled decrease of the op-
tical power in the horizontal beam(s)7,8. To produce mul-
tiple clouds, we pull tweezer beams apart on minimum-
jerk cost trajectories before evaporation. A minimum-
jerk cost trajectory minimizes the integral of the square
of the third derivative (the jerk) of the trajectory49,50
∫ τ
0
[
d3
dt3
s(t)
]2
dt,
3FIG. 2. Schematic representation of the three-dimensional optical tweezers system. The optical output from a 1064 nm fibre
laser providing light for the tweezers can be turned off by deflecting it into a beam dump with a motorized mirror. In its
on-state light is split into two beam paths (V and H) using an arrangement of polarizing beam splitter cubes, wave plates
and lenses summarized in a functional box. Acousto-optic modulators (AOM-V and AOM-H, respectively) diffract the V and
H-beam into PCFs linking the light source to the experiment. The PCF outputs are relayed to the AOD pairs steering the
optical tweezers. An arrangement (combined into functional blocks in the schematic) of wave plates, lenses, and mirrors are
used to optimize the polarization, size and collimation of the V- and H-beams for maximum diffraction efficiency. The AODs
are driven by the amplified output of a FlexDDS unit (see text). Gray shading behind the waveforms delivered by the FlexDDS
represents segments of constant frequency and black vertical bars represent arrival of trigger pulses from an FPGA (triggering
of individual channels can be synchronous or asynchronous). The dwell time of the frequency hopping, ∆T , which is equal to
the inverse of the FlexDDS trigger rate is indicated on the figure.
where we have assumed that the total transit time is τ .
By applying boundary conditions of s(0) = x0, s(τ) = xf
and zero initial and final velocity and acceleration, we see
that a minimum-jerk cost trajectory is defined by
s(t) = x0 +D
[
10 (t/τ)
3 − 15 (t/τ)4 + 6 (t/τ)5
]
, (1)
where D = (xf − x0). An example of a minimum-jerk
cost trajectory in one-dimension is shown in Fig. 3.
III. IMAGING
Our experimental platform was built with two orthog-
onal absorption imaging paths for addressing atoms in
the science cell. Both paths image 87Rb via the D2 line
(780 nm). One path has the probe beam propagating
along the x-axis (horizontal) towards a charge coupled
device (CCD). The second imaging path has the probe
beam propagating along the y-axis (vertical) towards a
CCD. The pixel size limited resolutions of the horizon-
tal and vertical imaging paths are 11.10 ± 0.01 µm and
4.10± 0.01 µm, respectively.
The vertical imaging system also employs a current
carrying coil located above the science cell which is used
to levitate the atoms by applying a 15 G · cm−1 field
gradient51. After adiabatic rapid passage to the strong
field seeking state |F = 2,mF = −2〉, the levitation field
is applied during ballistic expansion of the atoms in order
to keep the atoms from falling away from the focus of
the objective lens. The objective lens for the vertical
imaging path is a diffraction limited singlet (Thorlabs,
AL2550H) with a numerical aperture of NA = 0.2 which,
according to the Rayleigh criterion, gives a diffraction
limited resolution of 4.8 µm.
To investigate the resolution of our imaging system
along the two axes (horizontal and vertical) we inspected
the matter wave interference between two BECs52,53.
BECs were prepared in two cross beam dipole traps, sep-
arated along the z-axis by 80 µm, consisting of a single
horizontal beam and two rapidly toggled vertical beams
(one for each trap). The optical power shared by the two
vertical beams was ramped linearly to zero over a period
of 100 ms after after which the two condensates were al-
lowed to expand in the horizontal beam for 50 ms before
being released into 30 ms time-of-flight under the influ-
4FIG. 3. An example of a minimum-jerk cost trajectory, as
defined by Eq. 1, in one dimension.
ence of magnetic levitation. Figure 4a shows an absorp-
tion image recorded along the vertical axis that presents
the emergence of a clear interference pattern with a fringe
contrast approaching 50%. A comparable fringe contrast
was not found for the horizontal imaging path using the
same preparation sequence; rather a 50 ms time-of-flight
was required to achieve a similar contrast (see Fig. 4b).
The lower panels of Fig. 4 show the optical depth inte-
grated with respect to x, ODx(z). A simple peak finding
algorithm gives fringe spacings of 23 µm for the vertical
imaging path and 41 µm for the horizontal imaging path.
We note that there are ∼ 5 fringes visible for the horizon-
tal path and more than 10 fringes visible for the vertical
path. We attribute the apparent reduction in number
of fringes of increased spacing to aliasing resulting form
the horizontal imaging resolution being comparable to
the fringe spacing. Altogether our results clearly demon-
strate a higher spatial resolution for the vertical path
compared with the horizontal path.
IV. RESULTS
In this section, we present some preliminary demon-
strations of our ability to manipulate arrays of atomic
clouds in three-dimensions. As previously mentioned, to
arrange multiple ultracold atomic clouds into arrays, we
start with a single cross beam dipole trap of thermal
atoms loaded from an IP trap. The thermal atoms are
split by dynamically altering the trapping potential such
that beams are split as necessary. All tweezer beams fol-
lowed minimum-jerk cost trajectories. When powers were
balanced correctly (particularly important when splitting
along the axis of gravity), splitting a single beam into
N beams would result in the trapped atomic cloud be-
ing split into N atomic clouds with approximately equal
atom number.
Figure 5 illustrates how we produce four atomic clouds
in a square array with nearest neighbor separation of
500 µm. The cross beam dipole trap used for loading
atoms from the IP trap is formed from four overlapping
beams, two horizontal and two vertical, which are pulled
apart on minimum-jerk cost trajectories. Frames (a) -
(c) show sequentially increasing time with equal incre-
ments. In a typical experimental sequence the total time
for splitting is on the order of 100 ms.
Figure 6 shows an absorption image captured using the
vertical imaging system corresponding to four thermal
clouds arranged in a horizontal plane. The arrangement
was rectangular; the distance between neighboring clouds
with respect to the x-axis was 400 µm and the separation
with respect to the z-axis was 500 µm. .
Creating a square arrangement in a vertical plane re-
quired a modification of the experimental sequence due
to the influence of gravity. Most importantly, the power
balance was adjusted to be heavily in favor of the up-
per beam since gravity would keep all of the atoms in
the lower beam if the powers were equal. Second, the
clouds were split in two steps. In the first step, clouds
were split along the y-axis by 150 µm in 500 ms. In
the second step the clouds were simultaneously split by
a further 350 µm in the y-direction and 500 µm in the
z-direction in 100 ms. Figure 7 shows an arrangement of
clouds produced using the above experimental sequence.
In addition, the clouds were evaporatively cooled over a
period of 2 s to produce one BEC at each of the four
sites.
At the end of evaporation, each of the four clouds
shown in Fig. 7 contained more than 6 × 104 atoms
and the condensate fractions were between 0.1 and
0.4. The condensate fractions were extracted from two-
dimensional bimodal (projected parabolic, corresponding
to a Thomas-Fermi condensate and Gaussian correspond-
ing to the thermal component54) fits to the absorption
image. The absorption image was acquired at 12 ms
time-of-flight.
V. DISCUSSION
In the above, we have presented realizations of two-
dimensional manipulation and arrangements of ultracold
atoms on two orthogonal planes (horizontal and vertical)
which ipso facto demonstrates the three-dimensional ca-
pabilities of our steerable optical tweezer platform. Ar-
guably, a more compelling demonstration would have in-
cluded a truly 3D configuration of atomic clouds such
as, e.g. the tetrahedron of Fig. 1. A catastrophic break-
down of our fiber laser used to produce light for the dipole
traps, however, prevented further exploration within the
current work. Nevertheless, we believe our preliminary
results reported above bodes well for future extensions
to more elaborate geometries and to additional clouds.
While the number of BECs handled by our 3D tweezer
platform in the present study were limited to four and
their purity modest, our previous work48 on 1D arrays
indicates that advancements to more and pure BECs
should be reasonably straightforward using an efficient
runaway evaporation scheme for condensing clouds.
In a previous study from our group26, an optical po-
tential set up by a single, static beam crossed by mul-
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FIG. 4. (a) Matter wave interference fringes between two BECs of 87Rb with an initial separation of 80 µm, observed with
the vertical imaging path at 30 ms time-of-flight. The experimental sequence is described in the main text. The color bars
represent optical depth. (b) Matter wave interference fringes, produced using the same method as in (a), captured at 50 ms
time-of-flight using the horizontal imaging path. The lower panels show the optical depth integrated with respect to x, ODx(z)
over a three-pixel wide region.
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FIG. 5. An illustration of an experimental sequence which produces four atomic clouds in a square arrangement with nearest
neighbor separation of 500 µm. The laser beams are false colored for clarity.
6FIG. 6. An array of thermal clouds in the xz-plane with
all six beams used to form the four cross beam dipole traps
generated by rapidly toggling AODs. The nearest neighbor
separations were ∆x = 400 µm and ∆z = 500 µm and the
time-of-flight was 2 ms. Due to this short time of flights the
absorption image becomes saturated at the center or each
cloud.
FIG. 7. Four BECs arranged in a square in the yz-plane with
nearest neighbor separation of 500 µm. This image was taken
at 12 ms time-of-flight. The summed projections of both the
data and fits, shown below and to the sides of the atomic
clouds (not to scale), demonstrate the characteristic bimodal
density profile of BECs.
tiplexed steerable vertical tweezer beams established a
linear array of 32 time averaged optical dipole traps that
was filled evenly with utracold atoms (around 105 atoms
per well at temperture ∼ 1µK). Ultimately, the num-
ber of individual time averaged optical traps that we can
achieve with our system is limited by both the available
optical power and the maximum rate at which we can
toggle frequencies inside an AOD. In our system the time
it takes an acoustic wave to propagate across the input
laser beam fixes the maximum frequency toggling rate to
be fmaxtoggle ≈ 300 kHz. If we have Ntraps individual traps,
the toggling rate seen by the atoms will be fmaxtoggle/Ntraps,
and this value must be much larger than twice the har-
monic trapping frequency experienced by the atoms to
avoid parametrically heating the atoms. For harmonic
trapping frequencies of ≈ 200 Hz, the above timing con-
siderations imply that we are limited to Ntraps  750 for
each pair of AODs if we are not limited in the available
optical power. However, assuming an optical power of at
most ∼10 W going to each AOD, the above estimate is re-
duced to .100 individual traps for a 40 µm beam waist
(again assuming a harmonic trapping frequency of 200
Hz for 87Rb atoms). Additional timing considerations,
such as those discussed in28, may reduce the maximum
achievable number of time averaged traps that we can
produce.
While the optical tweezer platform presented in this ar-
ticle allows for elaborate arrangements of dipole traps in
three dimensions, it cannot “paint” completely arbitrary
3D potentials. The laser beams continue to propagate
after forming a crossed dipole trap which, on one hand,
opens up the possibility that separate traps can share
a beam (see Fig. 1, where one of the vertical beams is
shared by two clouds) implying an efficient use of optical
power. On the other hand, this reduces the flexibility for
manipulating such traps completely independently and,
in general, it means that one must consider the propa-
gation of all other beams when deciding where to place
a trap. Moreover, it excludes the possibility of creating
certain potentials.
When imaging three-dimensional arrangements of
atoms, it is important to remember that the standard
technique of absorption imaging gives the atomic den-
sity integrated along the imaging axis, i.e. a projec-
tion. Therefore, it is necessary to capture at least two
images on orthogonal planes to subsequently reconstruct
the three-dimensional arrangement, as we are able to do
in our configuration. We note that the clouds could be
simultaneously imaged along the two axes by employ-
ing fluorescence imaging for one axis; in fact, as one of
our CCD cameras is of the electron-multiplying type this
mode of operation is accessible to us and will be explored
in future work.
VI. CONCLUSION
In this article, we have presented a three-dimensional
optical tweezer system based on two pairs of orthogonal
AODs. One pair of AODs was used to displace horizon-
tally propagating laser beams in a vertical plane while
the other pair was used to displace vertically propagating
laser beams in a horizontal plane. Multiple time averaged
cross beam dipole traps were simultaneously produced
through rapid toggling of the frequency of the sound
waves in the AODs. We have demonstrated production
of arrays of ultracold atomic clouds in both horizontal
and vertical planes. In particular, we have presented a
square array of four BECs in a vertical plane and a 2× 2
array of thermal clouds in a horizontal plane.
In future experiments, the three-dimensional optical
tweezer system presented here could be used for creating
time averaged optical ring traps27,28 and for studying vor-
tex and superfluid flow effects resulting from the merging
and collision of independent BECs35–37. The dynamic re-
configurability of the optical tweezer system also makes
7it a candidate as a platform for quantum simulation with
engineered Hamiltonians14–16.
A recent experiment by Pu et al. has demonstrated
the use of multiplexed AODs to demonstrate 22-partite
entanglement in a 5 × 5 array of individually accessible
atomic quantum interfaces55. The experiment of Pu et al.
used atoms in a single magneto-optical trap. Applying
our apparatus to the experimental techniques of Pu et al.
would allow entanglement to be demonstrated between
truly isolated atomic ensembles.
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